EXPERIMENTAL INVESTIGATION OF FACE STABILITY OF SHALLOW TUNNELS IN SAND
Ansgar Kirsch (ansgar.kirsch@uibk.ac.at) Division of Geotechnical Engineering and Tunnelling, University of Innsbruck, Austria ABSTRACT. The face stability of shallow tunnels was investigated with small-scale model experiments at single gravity. Aim of the research was to detect the evolution of failure mechanisms in dense and loose soil samples with varying overburden above the tunnel. Moreover, the quality of proposed theoretical/numerical approaches for the determination of a necessary support pressure p f was assessed. The results indicate that p f is independent of overburden and initial density of the soil. The experimental investigation with Particle Image Velocimetry revealed a significant influence of initial density on the evolution of failure mechanisms, though: whereas in dense specimen arching and a propagation of the failure mechanism towards the soil surface could be observed, the loose samples showed a much more diffuse failure zone that did not change its shape throughout the failure process.
Motivation
For tunnel construction with slurry or earth-pressure balance shields the necessary support pressure p f must be prescribed to prevent excessive ground movements. For the determination of p f various models have been proposed: • Theoretical (e.g. Horn (1961 ), Kolymbas (2005 , Krause (1987) , Léca/Dormieux (1990) ) • Numerical (e.g. Ruse/Vermeer (2002 ,2004 , Kamata/Mashimo (2003)) • Experimental (e.g. Chambon/Corté (1994) , Plekkenpol et al. (2006) , Kamata/Mashimo (2003)) Figure 1. Failure mechanism by Horn. Figure 2 . Predictions of the necessary support pressure Horn's failure mechanism is shown in Fig. 1 : it consists of a prismatic wedge in front of the tunnel face and a vertical chimney of soil above. By equilibrating forces on the wedge an expression for the necessary support force to stabilise the mechanism can be found. The vertical force resulting from the chimney is usually calculated with the silo equation. Unfortunately, the Horn mechanism leaves a number of possible configurations to the user: e.g. the choice of earth pressure coefficients for chimney and wedge, the distribution of earth pressure with depth or the shape of the basal wedge surface.
A simple example served to compare Horn's mechanism with others from the literature. A tunnel with a diameter D=10 m and an overburden C=10 m was chosen for this purpose. Soil parameters were self-weight γ=18 kN/m³ and cohesion c=0. The normalised support pressure at failure N D :=p f /(γ d D) is shown in Fig. 2 for a variation of friction angle ϕ between 25° and 45°. Even for a single ϕ there is a large scatter of model predictions. But where is the true necessary support pressure?
Qualitative investigation of face stability
To further assess the quality of proposed models for face stability analysis, the author performed two series of small-scale model experiments. The first series of experiments was conducted in a model box ( Fig. 3) with inner dimensions 37.2 x 28.0 x 41.0 (width x depth x height in cm). The problem was modelled in half, cutting vertically through the tunnel axis. Therefore, the tunnel was represented by a half-cylinder of perspex, with an inner diameter of 10 cm and a wall thickness of 4 mm. An aluminium piston was fitted into the tunnel to support the soil. The piston was mounted on a horizontal steel rod, which was supported by a one-dimensional roller bearing inside the side wall of the box. To trigger collapse of the face, a piston displacement s into the model tunnel was applied by turning a threaded bar and a knob in extension of the piston axis ( Fig. 3, right) .
For all tests dry sand with a grading between 0.1 mm and 2.0 mm was used (d 50 =0.58 mm, e min =0.42, e max =0.75). The tests were performed with various C/D-ratios and different initial densities I d . For the first 6.0 mm of piston displacement, increments ∆s=0.25 mm were chosen. After that ∆s was increased to 0.5 mm until a total displacement of 25 mm was reached. After each increment a digital picture of the grain structure was taken. All model tests of the first series were evaluated with Particle Image Velocimetry (PIV), a noninvasive technique that allows the quantitative investigation of plane displacement patterns. The basic idea of PIV is image correlation of interrogation cells in consecutive pictures. These interrogation cells cover a few sand grains and are characterised by a certain distribution of grey or colour values. The primary evaluation results of PIV are vector fields of incremental displacements, which can be visualised as vector plots (Fig. 4, left) or colour plots (Fig. 4, right) , in which different lengths of the displacement vectors are represented by different colours.
The PIV analyses showed that the overburden had a negligible influence on the shape and extent of the failure zone for dense soil samples, because the pictures were virtually identical for different overburdens. The impact of density was much more pronounced ( Fig. 5) : in dense sand a clearly defined failure zone developed in the vicinity of the face and evolved stepwise towards the ground surface. As soon as it reached the ground surface, a chimney-like and a wedge-like part could be distinguished, which resembles the theoretical model by Horn (Fig. 1) . On the contrary, for the loose sand soil movements immediately reached up to the ground surface. From the first two or three advance steps onwards, the shape of the failure zone remained practically identical, equal to the one in Fig. 5  (right) . Figure 5 . Incremental displacements for a piston advance from 1.25 to 1.50 mm for an initially dense sample (left) and an initially loose sample (right).
Quantitative investigation of the necessary support force
To validate the proposed models for the necessary support force/pressure, the model box was modified to allow for measurements of the resulting axial force on the piston (Fig. 6) : the tunnel was modelled with a hollow aluminium cylinder with an inner diameter of 10 cm and a wall thickness of 4 mm. As for the PIV measurements, the model tunnel reached approx. 7 cm into the soil domain. As a result of the PIV investigations, the dimensions of the box were considered large enough. The face of the model tunnel was supported by an aluminium piston with a slightly smaller diameter than the inner diameter of the tunnel (D disk =9.8 cm), thus eliminating friction between disk and tunnel. The piston rod was supported by a linear roller bearing, embedded in the side wall. The rod made contact with a miniature load cell that was mounted on a sliding carriage on the outside of the side wall (Fig. 7) . Because of the low stresses expected in the model the load cell had a nominal load of only F nom =10 N.
The experiments were, again, performed displacement-controlled, by incrementally retracting the carriage. For the first millimetre of advance, displacement increments of ∆s=0.042 mm were applied. Thus, the force reduction for the very first displacements could be captured well. For s>1 mm, the incremental advance was set to ∆s=0.125 mm. An overall number of 52 tests were performed with C/D=0.25 …2.0 and (initially) dense and loose samples. Fig. 8 shows the development of the normalised support pressure p/(γ d D) over the normalised piston displacement s/D. The figure also illustrates the difference between the force-displacement behaviour of loose and dense samples. The "dense" curves dropped steeply to a relatively low value as compared with the "loose" curves. But with continuing displacements, the resultant force on the piston in the dense samples increased again, reaching a common residual value for both curves after relative displacements of 2 to 3 %. This residual value was considered as necessary support pressure N D : a lower pressure (in a pressure-controlled test or in the pressure chamber of a shield machine) would lead to infinite displacements, i.e. the collapse of the tunnel. All results of the 52 tests indicate no influence of overburden on N D . As shown in Fig. 8 also the initial relative density does not influence N D , because the curves of dense and loose samples reach the same residual level.
Comparison with analytical predictions
The results of the force measurements at low stress levels were compared with predictions of the various proposed models presented at the beginning. For this comparison an overburden C/D=1.0 was chosen, cohesion was neglected. The range of experimentally obtained N D values is plotted against the critical friction angle. Predictions and measurements are of the same order of magnitude; to be more precise, the experimental results lie in the middle of the Horn-model variations. The approaches by Kolymbas and Krause overestimate the experimental results. The upper bound solution by Léca/Dormieux and the empirical approach by Ruse/Vermeer approximate the experimental observations well.
